Introduction {#S0001}
============

The existence of endogenous processes capable of pain inhibition is well accepted, and most prominently known from the "pain-inhibits-pain" or conditioned pain modulation phenomenon (CPM).[@CIT0001],[@CIT0002] Increasing evidence suggests that pain inhibition can also be triggered by physical exercise: in healthy individuals, even a single bout of exercise leads to a short-termed decrease in pain sensitivity, which is denoted as exercise-induced hypoalgesia (EIH).[@CIT0003],[@CIT0004] EIH research suggests that considerable variance in EIH effects exists in patients with chronic pain, and, to a lesser extent, in pain-free, healthy participants.[@CIT0003]--[@CIT0005] Therefore, understanding influential individual differences in pain-free participants that might translate to chronic pain can potentially aid in individually tailoring exercise-based pain management interventions.[@CIT0004] There is preliminary evidence that EIH declines with increasing age[@CIT0006] and is more pronounced in women.[@CIT0007] Furthermore, a few studies have addressed self-reported psychological variables, such as pain catastrophizing and kinesiophobia.[@CIT0006],[@CIT0008] However, these have yielded either null-findings or inconclusive evidence.[@CIT0006],[@CIT0009]-[@CIT0011]

Concurrently, recent research indicates that cognitive function might affect pain, and in particular, pain inhibition.[@CIT0012],[@CIT0013] As both pain inhibition and cognitive function seem to be diminished in chronic pain and with increasing age, the link between the two has gained some attention in recent years.[@CIT0012]--[@CIT0019] Therefore, another individual difference that might influence EIH worth investigating might be at the level of cognitive function: Here, inhibition is a hallmark of higher-order cognitive functions, which denotes the ability to deliberately suppress dominant, automatic or pre-potent responses.[@CIT0020] The ability for cognitive inhibition depends on the neurophysiological integrity of the brain, especially in the prefrontal cortex (PFC) and can be severely impaired after neurological lesions of the brain.[@CIT0021] Milder impairments in cognitive inhibition have been linked to personality traits like impulsivity, psychiatric conditions, as well as to chronic pain.[@CIT0013],[@CIT0022],[@CIT0023] Furthermore, the individual ability for cognitive inhibition varies considerably between individuals.[@CIT0024],[@CIT0025] Quantifying an individual's performance in inhibition tasks is a well-accepted means to measure cognitive inhibition;[@CIT0024] the stop-signal task, indexing the inhibition of pre-dominant motor responses, is one such measure of cognitive inhibition.[@CIT0026],[@CIT0027]

Research on the link between cognitive inhibition and experimental pain indicates that indicates individuals with better cognitive inhibition abilities show higher pain tolerance and a higher CPM response.[@CIT0012],[@CIT0019],[@CIT0028],[@CIT0029] In this regard, it has been argued that cognitive inhibition is a supporting cognitive function in the regulation of pain, proposing that cognitive inhibition constitutes a functional part of pain inhibition. Therefore, cognitive inhibition might also be relevant in EIH.[@CIT0012] This assumption is further supported considering that EIH, CPM and cognitive inhibition have been associated with activity in the same brain areas, ie prefrontal cortex (PFC) and anterior cingulate cortex (ACC).[@CIT0001],[@CIT0030]-[@CIT0033] Therefore, it was hypothesized that pain-free individuals with better cognitive inhibition, as assessed by performance in a cognitive inhibition task, also show a higher magnitude of EIH.

Methods {#S0002}
=======

Participants {#S0002-S2001}
------------

Participants were recruited at the Ruhr University Bochum via announcements on notices that were dispersed throughout the campus and posted on social media as well as via word of mouth. Exclusion criteria consisted of an age below 18 years, a history of ongoing neurological or psychiatric disease, cardiovascular disease, infectious disease, metabolic diseases or thyroid malfunction, chronic or acute pain, high-frequent alcohol intake, former and acute regular intake of drugs, regular intake of analgesic medication, hormonal contraception, as well as usage of corticosteroids during the month prior to participation. These criteria were screened via a standardized telephone interview before testing. Participants were also asked to refrain from any pain medication and vigorous exercise for 24 h, and caffeine for 4 h before the experiment.[@CIT0034] Eighty participants were recruited following this procedure. As the present study was part of a larger investigation, 40 participants were excluded from analysis in the present study, because they received experimental manipulations that were assumed to affect EIH. As the present work was an exploratory study within a larger investigation, a sample size calculation for the effect investigated here was not conducted in advance. The remaining 40 participants were included in the present study. The study was conducted in accordance with the Declaration of Helsinki and approved by the ethical review board of the Faculty of Psychology at Ruhr University Bochum (application \#242). All subjects provided written informed consent before participating in the study and were compensated with 20 Euros for their time.

Procedure {#S0002-S2002}
---------

The present study was of a correlational design and part of a larger investigation on emotion regulation of exercise-induced hypoalgesia (EIH) conducted in 2016 (for the full protocol please see dx.doi.org/10.17504/protocols.io.873hzqn). Note that in this study, additional data on blood pressure and salivary cortisol were obtained, which will be reported elsewhere. Participants completed two testing sessions in a within-subjects design, separated by a minimum of one week. Cognitive inhibition was assessed using a stop-signal task,[@CIT0035] and EIH was assessed with two different types of exercise: an isometric knee extension and an aerobic bicycling exercise.

In session one, participants were familiarized with the pain sensitivity assessment procedures, that is, pressure pain thresholds (PPTs) and temporal summation of pain (TSP). After a 5-min break, pre- and post-assessments of pain sensitivity were administered immediately before and immediately after a 15-min quiet rest period followed, serving as the control condition in the EIH paradigm. Next, participants completed the stop-signal task. Following this, at the end of session one, an assessment of maximum voluntary contraction force (MVC) of knee extension was conducted as a preparation for the isometric knee extension exercise in the second session.

In session two, an isometric knee extension and an aerobic bicycling exercise were performed in a counterbalanced, randomized order. Pre- and post-measurements for each exercise were obtained immediately before and after exercise. Ratings of perceived painfulness and unpleasantness were obtained about 5 minutes after the post-assessment of PPTs and TSP following each exercise. Intervals of 20 minutes were kept between the two exercises, as it has been suggested that the hypoalgesic effects of exercise do not last longer than 15 minutes.[@CIT0036] Importantly, the present study was part of a larger investigation on the effect of emotion regulation on EIH. Therefore, participants included in this study received a control instruction before each exercise and the quiet condition, stating that during quiet rest and exercise, unpleasant sensations and, in case of exercises, muscle pain might occur and that they were free to cope with those sensations however they wanted.

Stop-Signal Task {#S0002-S2003}
----------------

A Hewlett--Packard PC (HP Inc., Palo Alto, California) with an Intel^®^ Core™ i5-4590S (Intel corp., Santa Clara, CA) and an HP EliteDisplay E221c monitor with a screen size of 54.10 cm (21.50 inch) were used to run the experimental task. The stop-signal task was written by MM and administered using the Psychophysics Toolbox extensions running in MATLAB^®^ (MathWorks, Inc., Natick, MA).[@CIT0037] Participants were seated at a viewing distance of approximately 65 cm from the computer screen. All stimuli were displayed in the screen center and presented in black on a gray background, unless noted otherwise. Each trial began with the display of a fixation cross (0.12 inch length) for 500 ms (see [Figure 1](#F0001){ref-type="fig"}). Next, the target stimulus (circle: 0.9 inch cm in diameter; square: 0.94 inch in height and width) was presented for 1250 ms within a square-shaped frame (1.54 inches in height and width), followed by a blank screen (500 ms). On 25% of all trials (stop trial) the square-shaped frame switched to blue at a variable interval from trial onset (stop-signal delay, SSD), denoting a stop signal. On the remaining 75%, the color of the square-shaped frame remained unchanged throughout the trial (go trials).Figure 1An example run of the stop-signal task, consisting of three trials. Participants' task was to indicate the target shape (circle or a square) via button presses on go trials; on stop trials, signaled by a blue frame appearing around the target shape, no response should be given. SSD denotes stop-signal delay, please see explanation in text.

Stop and go trials were equally distributed across the two target stimuli. The initial SSD was set at 250 ms; any subsequent SSD was determined using the one-up/one-down tracking procedure to ensure a probability of stopping of P~Respond~ ≈ 0.50.[@CIT0026] With each response that was correctly withheld (inhibition success) the SSD was increased by 25 ms (maximum SSD = 1250 ms). Conversely, following erroneously entered responses (inhibition failure) the SSD was decreased by 25 ms (minimum SSD = 25 ms). Participants were instructed to discriminate the target stimulus on go trials (circle vs square), indicating their decision as fast and accurately as possible by pressing the corresponding response key ("C" or "V"). On stop trials, participants were asked to refrain from responding. Participants were informed of the tracking procedure such that their probability of stopping would be maintained at about 50% for the experiment. They were therefore discouraged from waiting for stop signals to appear. Stimulus-response mapping was randomized and counterbalanced across participants.

The task was divided into four experimental blocks. In line with recommendations from Verbruggen et al, each block consisted of 64 trials (48 go trials and 16 stop trials).[@CIT0038] Participants thus completed 256 trials overall for the experimental phase. An additional 32 trials were completed during the practice phase, that is, 24 go trials and 8 stop trials -- again, equally divided by stimulus-type. Aside from the overall trial number, the practice phase was identical to the experimental phase in set up. During the experiment, a self-paced break was provided after 128 trials. The task lasted approximately 15 minutes.

Assessment of Pain Sensitivity {#S0002-S2004}
------------------------------

Pain sensitivity assessments, ie PPT and TSP, were conducted using a handheld algometer (Somedic Sales AB, Horby, Sweden), with a stimulation area of 1 cm^2^ at the thenar eminence of the non-dominant hand, hereafter termed as 'hand', and the middle of the non-dominant biceps femoris, hereafter termed as 'leg'. During assessments, participants were lying in prone position on the examination table. The order of assessment was counterbalanced and randomized for each participant but held constant throughout the individual testing sessions. Intervals of 20 seconds between assessments were maintained. All assessments were performed by female experimenters (CT and HG). For PPT assessments, the rate of pressure increase was kept to approximately 50 kPa/sec. Two measurements were taken for each PPT assessment and the average of these was calculated for further analysis.[@CIT0039] After each PPT assessment, TSP was assessed. TSP was assessed by applying ten \~1-s repetitions of pressure at the level of the last preceding PPT, where the target force was applied as quickly as possible, with a \~1-s pause between each pulse.[@CIT0040] Subjects were instructed to rate the pain intensity of the first, fifth and tenth repetition on a numerical rating scale (NRS), ranging from 0 to 10, resulting in three ratings for further analysis.

Aerobic Bicycling and Isometric Knee Extension Exercises {#S0002-S2005}
--------------------------------------------------------

Participants performed a knee extension task at 30% of MVC for a duration of 90 seconds with the non-dominant leg. MVCs were obtained in the familiarization session prior to the exercise session. Participants were seated on a bench with full support of the whole thigh and 90 degrees of knee flexion. The calf of the non-dominant leg was strapped to the pillar of the bench in order to create resistance. A force transducer was placed between the strap and the shin, transducing and recording applied force in Newton (Commander Muscle Tester, Powertrack, Il, JTECH Medical, Midvale, UT, USA). The MVC was performed three times by participants by extending the knee against the resistance with maximal force. The average of the three measurements represented the individual MVC. For the exercise, participants were prepared in the same position as during the MVC assessment. They were given the display of the force transducer to continuously monitor their knee extension force of 30% MVC during the task. They were instructed to hold this target force for 90 seconds.Figure 2Scatterplot of ∆PPT after aerobic bicycling exercise at the hand and stop-signal reaction times, depicting a moderate negative correlation of (*r = −0.3*5, 95% CI: −0.57; −0.08, *p = 0*.021). Note that shorter stop-signal reaction times represent better cognitive inhibition. Scatterplots for all other correlations are displayed in [[Figures S1](http://www.dovepress.com/get_supplementary_file.php?f=238718.docx)]{.ul}--[[S7](http://www.dovepress.com/get_supplementary_file.php?f=238718.docx)]{.ul}.

The aerobic bicycling exercise lasted for 15 minutes. Prior to the exercise, the age-related target heart rate was determined for each subject. Based on a previously used aerobic exercise protocol demonstrating robust EIH, a target heart rate of approximately 86% of the maximal age-related heart rate was chosen.[@CIT0041] This target heart rate corresponds to 75% VO~2max~.[@CIT0042] Subjects performed the exercise on a stationary ergometer with a built-in heart rate monitor using a heart rate belt that was strapped around the chest (Corival cpet, Lode, Groningen, Netherlands). The subjects were asked to maintain a pedal rate of 70 rounds per minute throughout the duration of the exercise. The first two minutes of the exercise were used as a warm-up. After two minutes, resistance was increased over the next three minutes until the target heart rate was reached. The heart rate was monitored continuously, and resistance was altered in order to maintain the target heart rate if needed. Thirty seconds before completion of the exercise, subjects were asked to rate their level of perceived exertion due to the exercise (Borg 6--20 RPE scale).[@CIT0043] Furthermore, ratings of pain intensity of both exercises were obtained approx. 5 minutes after completion of the exercises on a 1--5 NRS with discrete intervals, ranging from "no pain" to "maximum pain".

Statistical Analysis {#S0002-S2006}
--------------------

### Stop-Signal Task {#S0002-S2006-S3001}

Data analyses were conducted using SPSS Statistics Version 25 (IBM, Armonk, NY) and R (R Core Team).[@CIT0044] Stop-signal reaction times (SSRTs) constituted our measure of cognitive inhibition in the statistical analyses reported below. SSRTs were estimated using the block-based integration method.[@CIT0038] Specifically, SSRTs were first determined for each block separately using the integration method, as outlined in Verbruggen et al.[@CIT0045] To this end, for each block, the mean SSD was subtracted from the nth go RT (ie, the finishing time of the stop process). To obtain the nth go RT, all go RTs were rank-ordered and the nth go RT was identified, with n constituting the total number of go trials multiplied by the probability of responding on stop trials. To illustrate, there were 48 go trials in a block; with a probability of responding on stop trials of 55%, the nth go RT would then be the 26th fastest go RT in this block. The go RTs used here included correct go RTs, go omissions, which were replaced with the maximum RT, and go trials with erroneous or premature responses. Mean SSDs and the probability of responding on stop trials were, in turn, computed using the complete number of trials. The SSRTs thus estimated for a single block were then averaged across blocks to obtain the final SSRT of a given participant.

Outliers were removed in two stages. Firstly, at the individual subject level, where extreme "raw" go RT and signal-respond RT scores were removed for any one participant. Such extreme scores were identified using the threshold recommended by Leys et al (ie, median ± 2.5 × median absolute deviation).[@CIT0046] On average 4% of Go trials (± 4%) and 9% of signal-respond trials (± 17%) were removed at this stage. Mean go RTs were then computed for correct trials and signal-respond RTs for incorrect stop trials. Secondly, individuals exhibiting sub-optimal performance were excluded at the group level, following the lenient criteria outlined by Congdon et al.[@CIT0047] This second stage resulted in the removal of three individuals from further analyses.

### Pain Sensitivity Assessment {#S0002-S2006-S3002}

Temporal summation of pain (TSP) scores were calculated as the difference between the 3rd pain intensity rating (10th repetition of pressure) minus the 1st pain intensity rating (1st repetition of pressure). Positive TSP scores thus reflect higher summation of pain ratings and negative scores a decrease in pain ratings. In order to validate the temporal summation of pain protocol, ratings of the 1st and the 10th repetition of pressure pulses were compared using dependent *t*-tests at each assessment site at baseline.

As both exercises were conducted within one session, a repeated-measures ANOVA was conducted in order to test if there was a change from the first to the second pre-exercise measurement of PPTs with the factors time (first vs second) and site (hand vs leg).

EIH absolute change scores for PPTs and TSP were calculated by subtracting pre-exercise PPT/TSP scores from post-exercise PPT/TSP scores, denoted as ∆PPT~EIH~ and ∆TSP~EIH~ hereafter. Thus, positive values of ∆PPT~EIH~ represent a decrease in pain sensitivity after exercise, ie, higher EIH, and, vice versa, negative values of ∆TSP~EIH~ represent higher EIH. Additionally, change scores in PPTs and TSP from before to after the quiet rest condition were calculated by subtracting pre-quiet rest PPT/TSP scores from post-quiet rest PPT/TSP scores, denoted as ∆PPT~QR~ and ∆TSP~QR~.

### Main Analysis {#S0002-S2006-S3003}

Descriptive statistics are reported as means ± standard deviations. The EIH effect was tested with dependent *t*-tests comparing ∆PPT~EIH~/∆TSP~EIH~ after each exercise with ∆PPT~QR~/∆TSP~QR~ after quiet rest at each assessment site, respectively. For further analysis on the association between EIH and cognitive inhibition, ∆PPT~EIH~/∆TSP~EIH~ after each exercise were used as a measure of EIH. The association between cognitive inhibition and ∆PPT~EIH~/∆TSP~EIH~ after each exercise was quantified using bivariate correlation coefficients, 95% one-sided confidence intervals and with one-tailed significance testing. Spearman's rho correlation coefficients were used in case of non-normal distribution of variables. As better performance in the stop-signal task is reflected by shorter SSRTs, a negative correlation was expected in line with the hypothesis that better cognitive inhibition is associated with higher EIH. Significant correlations were then further probed using stepwise hierarchical multiple linear regression in order to control for baseline PPT and age. Homoscedasticity was inspected visually using scatterplots of standardized predicted values against standardized residuals, respectively. Variance inflation factors were checked regarding multicollinearity. Statistical analysis was conducted using SPSS 25 (IBM Corp, Armonk, NY) and R.[@CIT0044] All data were checked for plausibility and normal distribution prior to analysis. Effect sizes were calculated as Cohen's d and *r*/rho. For Cohen's d, d \< 0.20 were considered no effect, d = 0.20--0.50 a small effect, d = 0.50--0.80 a moderate effect, and d \> 0.80 a large effect. For *r*/rho, *r*/rho \<0.09 were considered no effect, *r*/rho = 0.10--0.30 a small effect, *r*/rho = 0.30--0.50 a moderate effect, and *r*/rho \>0.50 a large effect.[@CIT0048] The level of significance was set to *p* = 0.050.

Results {#S0003}
=======

Descriptive Statistics {#S0003-S2001}
----------------------

### Participants {#S0003-S2001-S3001}

Sixteen male and 21 female participants were included in the present study; mean age was 27.75 ± 9.91 years (mean ± SD) within a range of 19 to 64 years, with no significant age differences between men and women (*p* = 0.342, d = 0.48).

### Cognitive Inhibition Task {#S0003-S2001-S3002}

[Table 1](#T0001){ref-type="table"} summarizes the descriptive statistics of stop-signal task parameters obtained in the present study. The probability of omissions and choice errors in the go-trials was very low for included participants, indicating that the participants included in the present analyses performed well on the go-trials and build up a pre-potent go-response. On stop trials, participants successfully withheld their responses on 47% of the trials, indicating that the tracking procedure was successful. The mean stop-signal reaction time (SSRT) was 261.94 ± 37.42 ms (range: 189.00--326.94 ms), which showed a normal distribution. Age was correlated with cognitive inhibition with a moderate effect size (r = 0.39, *p* = 0.019).Table 1Mean ± SD and Range for the Main Dependent Measures Directly Observed in the Stop-Signal Task, Reported Separately for Participants Included in (versus Excluded from) Subsequent AnalysesIncluded Participants (N = 37)Excluded Participants (N = 3)Mean ± SDRangeMean ± SDRangeProbability of go omissions (no response)0.01 ± 0.020 -- 0.060.12 ± 0.140--0.27Probability of choice errors on go trials0.02 ± 0.020 -- 0.070.48 ± 0.440.11--0.97RT on go trials (mean)592.67 ± 172.91394.46--991.47825.15 ± 253.33544.88--1037.82Intra-subject variability of correct go trials103.25 ± 32.3353.59--165.78154.30 ± 46.65100.44--181.73Probability of responding on a stop trial0.47 ± 0.060.34--0.580.38 ± 0.090.30--0.47Average stop-signal delay314.17 ± 148.2991.41--638.28482.55 ± 185.83279.69--644.53Stop-signal reaction time261.94 ± 34.73189.00--326.94----RT of go responses on unsuccessful stop trials518.79 ± 149.68355.47--882.73680.29 ± 213.69435.73--831.01[^1]

### Pressure Pain Sensitivity {#S0003-S2001-S3003}

Mean pressure pain thresholds (PPT) pre quiet rest were 281.59 ± 115.56 kPa at the hand and 395.12 ± 148.31 kPa at the leg. Comparing the pain ratings of the 1^st^ and 10^th^ pressure pulses in the temporal summation of pain protocol pre quiet rest yielded significant increases in pain ratings after repeated stimulation at each assessment site (all p \< 0.001), validating the TSP protocol. TSP scores pre quiet rest were 2.32 ± 1.65 at the hand, and 2.13 ± 1.36 at the leg.

Comparing pre exercise PPTs from the first exercise to the second exercise using a 2 × 2 rm ANOVA with the factors time (first vs second exercise) and site (hand vs leg) yielded no significant main effect of time, F(1,36) = 0.843, *p = 0*.365, η~p~[@CIT0002] = 0.02, suggesting that pre-exercise PPTs remained stable from before the first to before the second exercise.

### Exercise Parameters {#S0003-S2001-S3004}

The aerobic bicycling exercise was performed with a mean target heart rate of 163.11 ± 9.71 beats/minute, which corresponded to 85.9% of the age-related maximum heart rate and resulted in a mean Borg scale value of 15.70 ± 1.41. Participants rated the aerobic bicycling exercise with a painfulness of 2.21 ± 1.08 and an unpleasantness of 3.00 ± 1.10 on a 1--5 NRS. In the isometric knee extension task, participants performed with a mean target force of 60.77 ± 29.43 N, which corresponded to 30% of the MVC. The knee extension exercise was rated with a painfulness of 1.89 ± 0.94 and an unpleasantness of 1.91 ± 1.06.

### Exercise-Induced Hypoalgesia {#S0003-S2001-S3005}

After the aerobic bicycling exercise, there was a mean percentage change in PPTs of 4.73 ± 21.08% at the hand and 8.00 ± 16.80%. ∆PPT~EIH~ after aerobic exercise differed from ∆PPT~QR~ after quiet rest at the hand (d = 0.52, *p* = 0.034) and at the leg (d = 0.64, *p* = 0.010), with moderate effect sizes. After isometric knee extension, there was a mean percentage change in PPTs of 0.94 ± 14.68% at the hand and a mean percentage change in PPTs of 4.62 ± 19.15% at the leg. No significant difference in ∆PPT~EIH~ after isometric exercise and ∆PPT~QR~ was observed at the hand (d = 0.38, *p* = 0.136), nor at the leg (d = 0.42, *p* = 0.137) with small effect sizes. No effects of the exercises were seen on TSP scores at any assessment site (see [Table 2](#T0002){ref-type="table"}). Notably, there were decreases in PPTs following the quiet rest condition, which were comparable to the increases in PPTs after aerobic exercise.Table 2Change Scores (Δ), Displayed in Mean ± SD for PPT and TSP from Before to After Aerobic Bicycling and Isometric Knee Exercises, as Well as the Quiet Rest Control Condition, as Assessed at the Hand and the Leg with Significance and Effect Sizes (Cohen's d) for Tests of the Difference Between Exercises and Quiet Rest**Aerobic Bicycling**ΔPPT~EIH~\
(kPa)ΔTSP~EIH~ (NRS 1--10)Hand7.24 ± 54.60^a^*p* = 0.034,\
d = 0.520.35 ± 1.32^b^*p* = 0.453\
d = 0.19Leg35.23 ± 75.22^b^*p* = 0.017,\
d = 0.64−0.24 ± 1.44 ^b^*p* = 0.332\
d = 0.27**Isometric Knee Extension**Hand−2.83 ± 41.38^a^*p* = 0.136\
d = 0.380.22 ± 1.36 ^b^*p* = 0.624\
d = 0.10Leg20.68 ± 79.50^b^*p* = 0.137\
d = 0.420.22 ± 1.06 ^b^*p* = 0.449\
d = 0.10**Quiet Rest**ΔPPT~QR~\
(kPa)ΔPPT~QR~\
(NRS 1--10)Hand−21.16 ± 54.24^a^--0.11 ± 1.10^b^--Leg−10.66 ± 68.17^a^--0.11 ± 1.41^b^--[^2]

Absolute change scores in pressure pain thresholds (∆PPT~EIH~) and temporal summation of pain scores (∆TSP~EIH~), as well as absolute change scores for quiet rest (∆PPT~QR~/∆TSP~QR~), each at the hand and at the leg, are shown in [Table 2](#T0002){ref-type="table"}.

Association Between Cognitive Inhibition and EIH {#S0003-S2002}
------------------------------------------------

A significant, moderate negative correlation was observed between SSRT and ΔPPTs at the hand, after aerobic bicycling (*r = −0.3*5, 95% CI: −0.57; −0.08, *p = 0*.021). This means that shorter SSRTs, ie, better cognitive inhibition performance, were associated with higher widespread EIH after aerobic bicycling ([Figure 2](#F0002){ref-type="fig"}). No other correlations were of an effect size beyond small or no effect, had a 95% confidence interval below zero, and *p*-values were far from the threshold of significance (see [Table 3](#T0003){ref-type="table"}). Scatterplots for all correlations are displayed in [[Figures S1](http://www.dovepress.com/get_supplementary_file.php?f=238718.docx)]{.ul}--[[S7](http://www.dovepress.com/get_supplementary_file.php?f=238718.docx)]{.ul}.Table 3Correlation Coefficients with 95% Confidence Intervals (95% CI) and p-values Between Stop-Signal Reaction Times (SSRT) and ∆PPT and ∆TSP for Each Exercise and Assessment Site. Scatterplots for Each Correlation are Displayed in [[Figures S1](http://www.dovepress.com/get_supplementary_file.php?f=238718.docx)]{.ul}--[[S7](http://www.dovepress.com/get_supplementary_file.php?f=238718.docx)]{.ul}∆PPT~EIH~∆TSP~EIH~Coefficient95% CI*p*Coefficient95% CI*p*Aerobic BicyclingHand*r* = −0.35−0.57, −0.080.021rho = −0.14−0.40, 0.140.397Legrho = −0.10−0.36, 0.180.553rho =0.02−0.26, 0.290.904Isometric Knee ExtensionHand*r = −0.0*3−0.30, 0.250.884rho = −0.09−0.36, 0.200.598Legrho = 0.03−0.25, 0.300.857rho = −0.06−0.33, 0.220.728

Hierarchical multiple linear regression with ∆PPT after aerobic exercise at the hand resulted in a final model with SSRT as the only significant predictor, β = −0.33; R^2^ = 0.11, adjusted R^2^ = 0.08, with a significant change in F from mean, *p* = 0.048. None of the control variables at baseline PPT and age reached significance and were therefore excluded from the final model. Inspecting Cook's distances, no influential cases were identified. Residuals were independent (Durbin Watson = 2.22) and normally distributed, as indicated by Kolmogorov--Smirnov tests of standardized residuals (p \> 0.200) in this model. Homoscedasticity was marginally given, as inspected by scatterplots of standardized predicted values against standardized residuals. Variance inflation factors indicated that multicollinearity was not an issue (VIF = 1.06--1.18).

Discussion {#S0004}
==========

The present study investigated the association between cognitive inhibition and exercise-induced hypoalgesia (EIH) after two different types of exercises. We observed an association between better cognitive inhibition and higher EIH effect after aerobic bicycling at the hand. EIH was observed after aerobic bicycling, but unexpectedly, no EIH was observed after the isometric knee extension.

Positive Association Between Cognitive Inhibition and Widespread EIH {#S0004-S2001}
--------------------------------------------------------------------

Partly confirming the hypothesis, there was a moderate correlation between performance in the cognitive inhibition task and EIH at the hand after aerobic bicycling. The correlation between cognitive inhibition and EIH is in line with previous studies, reporting that higher cognitive inhibition is associated with conditioned pain modulation (CPM) and higher pain tolerance, as well as lower pain threshold.[@CIT0012],[@CIT0019],[@CIT0028],[@CIT0029],[@CIT0049],[@CIT0050]

Cognitive inhibition depends on the neurophysiological integrity of the prefrontal cortex (PFC) and the anterior cingulate cortex (ACC), demonstrating a noteworthy overlap with brain structures implied in CPM and other forms of pain inhibition, such as distraction.[@CIT0021],[@CIT0031],[@CIT0032] This suggests that cognitive inhibition might be a neurocognitive aspect in pain inhibition.[@CIT0012] In the psychological literature, extensive evidence indicates that cognitive inhibition determines the efficiency of emotion regulation, which refers to the process of down-regulation of aversive affective states.[@CIT0051],[@CIT0052] A similar relationship has been proposed for cognitive inhibition and pain inhibition, as the latter can be conceived as a form of emotion regulation.[@CIT0017],[@CIT0051],[@CIT0053] This stands to reason considering that emotion regulation strategies known from psychological research informed the investigation of now well-researched pain regulation strategies, such as distraction.[@CIT0054] Distraction, in turn, was proposed as a psychological mediator of EIH, as during exercise, the attention might be directed towards somatic sensations of sweating or heart pounding, and away from pain.[@CIT0055] Thus, it might be that better cognitive inhibition abilities support the efficiency of cognitive pain regulation strategies during exercise that might in turn lead to more EIH.

An association with cognitive inhibition was only observed for the change of PPTs after aerobic exercise at the hand, partly confirming the hypothesis. However, no association was observed for change in PPTs after aerobic exercise at the leg, nor with change in PPTs after isometric exercise at any assessment site, nor with any of the PPT scores. These results considerably limit the strength of the conclusion in this study and warrant explanation. It has been proposed before that widespread EIH that is assessed at sites remote from the exercising muscle, are due to the systemic activation of central pain inhibitory mechanisms.[@CIT0056] On the other hand, local EIH assessed at the exercising muscle has been proposed to reflect a superimposition of central pain inhibition and peripheral processes in the muscle tissue. Concurrently, cognitive inhibition might influence central pain inhibition, ie, widespread EIH rather than local, as widespread EIH and cognitive inhibition likely emerge in the central nervous system.[@CIT0021],[@CIT0033] Therefore, cognitive inhibition might be more strongly related to widespread EIH assessed at remote sites than to local EIH assessed at the exercising muscles. This might explain the null findings on the correlations between cognitive inhibition and EIH assessed at the leg, as this assessment site was close to the exercising muscles. However, the biceps femoris is likely not involved in bicycling or knee extension. Therefore, it is not possible to make definite inferences about the influence of local processes on the association between cognitive inhibition and EIH in the present study. Therefore, future studies should systematically investigate the association between cognitive inhibition and EIH with a distinction between local and remote assessment sites.

In sum, this study provides preliminary evidence for an association between cognitive inhibition and EIH after aerobic exercise. In synopsis with previous research, these results imply that cognitive inhibition might be a specific neurocognitive aspect in the regulation of pain during exercise. Lastly, the influence of a truly local assessment site on the association between cognitive inhibition and EIH should be investigated in future studies.

Absence of a Distinct EIH Effect After Isometric Knee Extension {#S0004-S2002}
---------------------------------------------------------------

There was a small and moderate effect size for EIH after isometric knee extension at the hand and at the leg, respectively. However, these effects did not reach significance, suggesting that EIH was not successfully induced after isometric exercise. As previous studies report robust EIH after submaximal isometric knee extension of a similar duration, this result was unexpected and warrants explanation.[@CIT0036],[@CIT0057]-[@CIT0060] As only local EIH after submaximal isometric exercises has been reported, the absence of a truly local assessment site might account for this finding.[@CIT0061] Furthermore, the rating of painfulness of the isometric knee extension exercise was low compared to the rating of aerobic bicycling exercise. Painful exercises have been reported to elicit higher EIH responses than non-painful exercises.[@CIT0062] Therefore, the low painfulness of the knee extension exercise in this study might be another explanation for diminished EIH after isometric knee extension in this study.

Temporal Summation of Pain (TSP) {#S0004-S2003}
--------------------------------

No effects of exercise were seen on TSP in the present study. This is in contrast to studies reporting effects of exercise on TSP induced using computer-controlled heat pain[@CIT0060],[@CIT0061] or computer-controlled cuff pressure pain.[@CIT0062],[@CIT0063] The current study employed a TSP protocol using manual algometry. Although TSP induced with manual pressure algometry appears to be reliable, it might be that this type of TSP is not sensitive to exercise.[@CIT0063]

Clinical Implications {#S0004-S2004}
---------------------

Although pain-free, healthy participants took part in the present study, we believe that the present results bear clinical potential. It has been proposed that dysfunctional EIH might cause pain exacerbation after exercise in a subset of patients with chronic pain and thus promote low adherence and intolerance to exercise interventions.[@CIT0004] Concurrently, cognitive inhibition has been observed to be reduced in chronic pain, in line with reduced efficiency of pain regulation by means of cognitive strategies.[@CIT0013],[@CIT0053],[@CIT0054] A link between cognitive inhibition and EIH could imply that a gain of function in cognitive inhibition can transfer into a gain of function in EIH. Concurrently, cognitive inhibition has been shown to be improved by means of neuropsychological training and mindfulness meditation.[@CIT0064],[@CIT0065] Therefore, this link might provide additional, low-threshold training options in chronic pain conditions in which exercise has become aversive due to learning history. Therefore, future studies should investigate whether the link between cognitive inhibition and widespread EIH reported here translates into chronic pain.

Limitations {#S0005}
===========

Although a causal link between cognitive inhibition and descending pain inhibition is supported by the literature, the correlational design of this study does not allow for the causal interpretations proposed in the discussion.[@CIT0012],[@CIT0019],[@CIT0050] Therefore, the present interpretations should be cautiously viewed as stimulation for future research and be validated in clinical samples with chronic pain. Furthermore, this study faces some other limitations that limits it\'s generalizability. Furthermore, the present sample was a control group for a larger experimental investigation on pain regulation strategies pertaining to EIH. This study was an exploratory pilot conducted within another study of broader scope, where multiple other measurements, such as blood pressure and salivary cortisol, were assessed along with pain sensitivity. Since an influence of these measures cannot be ruled out, the current study is in need of replication.

Additionally, participants in the present study received a control instruction before the exercises and quiet rest, which mentioned painful and unpleasant sensations that might occur during exercise or quiet rest. It is possible that cognitive inhibition plays less of a role in EIH if such an intervention is omitted. Furthermore, the instruction might account for the decrease in pain sensitivity observed after quiet rest. Lastly, the duration of the 15-min quiet rest in the EIH paradigm was matched to the 15-min aerobic bicycling exercise, but not the 90 sec isometric knee extension, limiting the direct comparability between quiet rest and isometric knee extension.

Related to this, a power analysis for the investigated effect was not conducted in advance of the study. A posteriori power analysis with a correlational effect size of *r* = 0.35 indicates that at least 63 participants are needed to achieve a power of *p* = 0.90. Therefore, although the present study was sufficiently powered for large EIH effects, it was not sufficiently powered for the correlation between cognitive inhibition and EIH, as the present and previous results suggest a small to moderate effect size.[@CIT0003],[@CIT0019],[@CIT0048] This is all the more so as both EIH effects and stop-signal response times have been reported to show low reliability, further compromising the power and validity of correlational analysis.[@CIT0024],[@CIT0027],[@CIT0066],[@CIT0067]

Another clear limitation of this study is the absence of a truly local assessment site for EIH after both exercises, which results in two considerable limitations: firstly, this might be the reason for the absence of a clear EIH effect after the isometric knee extension, as outlined in 4.2; secondly, as explicated in 4.1, it limits any inference about whether local processes might have weakened the association between cognitive inhibition and EIH in this study.

It was decided out of practical considerations to employ only one type of neuropsychological task to assess cognitive inhibition. However, it is well recognized that different cognitive inhibition tasks assess different sub-aspects of inhibition.[@CIT0024] Also, any cognitive task assumed to be measuring executive functions requires a number of different processes in addition to the targeted executive function, such as motor and sensory aspects, resulting in task impurity.[@CIT0023] Both of these issues restrict the validity of the interpretations regarding the specific function of cognitive inhibition. This may be addressed in future studies by 1) employing a comprehensive assessment with different executive functioning tasks and using latent variable analysis to extract a common factor representing cognitive inhibition and 2) employing tasks optimal for diffusion model analyses to decompose the underlying cognitive processes, which would also improve the reliability of the obtained measures.[@CIT0023],[@CIT0068]

Conclusion {#S0006}
==========

This is the first study to report an association between cognitive inhibition performance and exercise-induced hypoalgesia after aerobic bicycling. This finding fits well with previous studies reporting a link between cognitive inhibition and experimental pain measures of descending pain inhibition and is potential of clinical importance. However, no EIH was observed after isometric exercise.
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[^1]: **Notes:** In line with the recommendations by Verbruggen et al[@CIT0045], SSRTs were not estimated for participants with sub-optimal task performance (here: excluded participants).

[^2]: **Notes:** for ΔPPT, positive values indicate a decrease in pain sensitivity (ie EIH), and negative values indicate an increase in pain sensitivity (ie hyperalgesia after exercise), while the opposite is true for ΔTSP, ie positive values indicate an increase in pain sensitivity (ie hyperalgesia after exercise). *P*-values and Cohen's d effect sizes refer to the test of difference between change scores in the respective exercise vs quiet rest condition (eg ∆PPT~EIH~ after aerobic bicycling at the hand vs ∆PPT~QR~ at the hand). ^a^Normally distributed; *t*-test for dependent samples to test the difference between exercise and quiet rest. ^b^Not-normally distributed; Wilcoxon-rank-sum-test for dependent samples to test the difference between exercise and quiet rest.
